Abstract: Triticeae contains hundreds of species of both annual and perennial types. Although substantial genomic tools are available for annual Triticeae cereals such as wheat and barley, the perennial Triticeae lack sufficient genomic resources for genetic mapping or diversity research. To increase the amount of sequence information available in the perennial Triticeae, three expressed sequence tag (EST) libraries were developed and annotated for Pseudoroegneria spicata, a mixture of both Elymus wawawaiensis and E. lanceolatus, and a Leymus cinereus Â L. triticoides interspecific hybrid. The ESTs were combined into unigene sets of 8 780 unigenes for P. spicata, 11 281 unigenes for Leymus, and 7 212 unigenes for Elymus. Unigenes were annotated based on putative orthology to genes from rice, wheat, barley, other Poaceae, Arabidopsis, and the non-redundant database of the NCBI. Simple sequence repeat (SSR) markers were developed, tested for amplification and polymorphism, and aligned to the rice genome. Leymus EST markers homologous to rice chromosome 2 genes were syntenous on Leymus homeologous groups 6a and 6b (previously 1b), demonstrating promise for in silico comparative mapping. All ESTs and SSR markers are available on an EST information management and annotation database (http://titan.biotec.uiuc.edu/triticeae/).
Introduction
Triticeae contains over 400 species housed in 14 genera (Barkworth 2007) . Both annual and perennial species are present; the annual species include cereals such as wheat (Triticum aestivum L.), barley (Hordeum vulgare L.), and rye (Secale cereale L.), while the perennial species include a wide diversity of forage and range grasses. Perennial Triti-ceae are circumboreal in distribution, grow predominantly in the Northern hemisphere, and are characterized by varying ploidy levels and introgression (Barkworth 2007) . They are well adapted to abiotic stresses and provide an important source of forage and habitat for livestock and wildlife Jensen 1996a, 1996b) , and can be used for reseeding and stabilization in semi-arid wildland restoration efforts (Jones and Larson 2005) .
Genome relationships within Triticeae have been characterized by analyses of meiotic pairing, and genomes have been given alphabetic designations (Dewey 1984; Love 1984) . Of the approximately 50 Triticeae species native to North America, 43 are classified as Elymus or Leymus species (Barkworth 2007) . Worldwide, Elymus and Leymus are polyploid genera that contain approximately 200 of the 400 Triticeae species (Barkworth 2007) . North American Elymus species contain the St and H genomes (Mason-Gamer et al. 2002) , with the St genome derived from a perennial diploid, Pseudoroegneria spicata (Pursh) A. Löve, and the H genome derived from an unknown Hordeum species (Dewey 1971) . Leymus species contain the Ns and Xm genomes, where the Ns genome is derived from the genus Psathyrostachys and the Xm genome remains uncharacterized (Zhang and Dvorak 1991; Wang et al. 2006) .
Although there is a wealth of cytogenetic information among the perennial Triticeae, very little DNA sequence information is available. Previously available expressed sequence tag (EST) resources of perennial Triticeae grasses comprise only 1884 ESTs from Leymus chinensis (Jin et al. 2006 ). Molecular mapping efforts in perennial Triticeae species rely on heterologous markers developed for the annual cereals, with a correspondingly lower number of amplified and polymorphic loci (Wu et al. 2003; Larson et al. 2006) . Heterologous SSR markers have also been used in genetic diversity studies in more recalcitrant species (MacRitchie and Sun 2004; Fu and Thompson 2006) . However, the transferability of heterologous markers decreases as species diverge (Sun et al. 1998; Thiel et al. 2003; Zhang et al. 2005) , which is accompanied by a higher likelihood of homoplasy or polymorphism due to complex mutational events among the species (Thiel et al. 2003; Saha et al. 2004; Fu and Thompson 2006; Zhang et al. 2006) .
Development of codominant markers among more closely related species can therefore improve the robustness and accuracy of comparative mapping and genetic diversity research. Expressed sequence tags are fundamental for the dissection of complex traits, for estimations of molecular diversity and population structure, or for comparative mapping (Varshney et al. 2005) . As EST-SSR markers are derived from transcribed regions, they have high rates of successful amplification and associated gene annotations (Varshney et al. 2005) . Genetic diversity studies using codominant EST markers can be more powerful than those using dominant markers, as codominant markers are able to accurately test heterozygosity.
As sequence information is lacking in perennial Triticeae species, we report the development of EST libraries for P. spicata and Elymus and Leymus species. These species are crucial in rangeland forage production and restoration, contain genomes present in the majority of perennial Triticeae species, and have the potential for comparative mapping with annual Triticeae and other grasses. Our objectives were to develop and annotate EST sequences and SSR markers for the libraries, provide predicted genetic map locations of the ESTs based on alignments with rice (Oryza sativa L.), assess the SSR marker amplification efficiencies, and test the synteny of Leymus EST markers aligned to rice chromosome 2 genes using a Leymus genetic mapping population described by Wu et al. (2003) .
Materials and methods

Tissue preparation for construction of EST libraries
Construction of the P. spicata EST library used plants from the cultivar 'Anatone' (United States Department of Agriculture Forest Service 2004) and a wildland collection made near Midas, Nevada, USA (B.K. Waldron; 41812.068'N, 116823.180'W, elevation 1788 m) . RNA was obtained from etiolated seedlings, salt-and drought-stressed shoots and crowns, and salt-and drought-stressed roots (Table 1) . For the etiolated seedlings, seeds were combined and placed in germination pouches, watered with deionized water, and germinated in the dark at 25 8C for 10 days. For the salt-and drought-stressed tissues, seedlings were germinated in a greenhouse in Logan, Utah, in 16 oz plastic cups in a sterilized 80:20 mix of sand-clay and subjected to repeated cyclical drought similar to that described in Sack and Grumm (2002) . Tissue harvest occurred 10 weeks after emergence, when water levels were approximately 10% of soil holding capacity and when leaves had visible loss of turgor. For collection, soil was loosened and seedlings were washed quickly in tap water and frozen in liquid nitrogen. Shoots (including the crowns) were separated from roots for subsequent RNA extraction and library tagging.
Elymus wawawaiensis J.R. Carlson & Barkworth and E. lanceolatus (Scribn. & J.G. Sm.) Gould were used for the Elymus library. Subterranean tiller meristems were collected from clones of one caespitose E. wawawaiensis plant, and tiller and rhizome meristems were collected from clones of one rhizomatous E. lanceolatus plant. Both collections were from field plants growing at Wellsville, Utah, and harvested in September 2006. The meristems were briefly washed in deionized water and frozen in liquid nitrogen. Collections of the two species were kept separate for subsequent library tagging.
The Leymus library comprised two tissues from interspecific hybrid progeny of one L. cinereus (Scribn. & Merr.) A. Löve plant and one L. triticoides (Buckl.) Pilger plant. Subterranean rhizome or tiller meristems were collected from greenhouse-grown clones, briefly washed in deionized water, and frozen in liquid nitrogen. Spring tillers were collected at a farm near Richmond, Utah, during March 2005. Young tillers at a height of approximately 8-10 cm from the soil surface were cut at the soil-surface level, and aboveground material was placed in tubes and immediately placed in liquid nitrogen.
Library construction, sequencing, and analysis
Total RNA was extracted from tissue using TRIzol reagent (Invitrogen, Carlsbad, California) and purified through QIAGEN RNeasy Midi columns (QIAGEN, Valencia, California). Integrity of RNA was validated with denaturing agarose gels or a Bioanalyzer (Agilent, Santa Clara, California). Poly(A) + mRNA was isolated from total RNA using the Oligotex Direct mRNA kit (QIAGEN). Double-stranded cDNAs were synthesized using the SuperScript doublestranded cDNA synthesis kit (Invitrogen 18 ). Equal amounts of doublestranded cDNAs from each tissue source were pooled, ligated to EcoRI adaptors (5'-AATTCCGTTGCTGTCG-3'; Promega, Madison, Wisconsin), and digested with NotI. Double-stranded cDNAs greater than 600 bp were selected and directionally cloned into EcoRI-NotI digested pBluescript II SK+ phagemid vector (Stratagene, La Jolla, California). Library normalization for the P. spicata and Leymus cDNAs followed the protocol of Bonaldo et al. (1996) .
For the Elymus library, 1 mg of poly(A) + mRNA from each sample was converted to double-stranded cDNA using the Creator SMART cDNA library construction kit (Clontech, Mountain View, California). Briefly, mRNA was primed with an oligo(dT) 30 primer containing an SfiIB restriction site and reverse-transcribed using SuperScript II (Invitrogen). The first-strand cDNAs for the two samples were differentially tagged at the 5' end with adaptors (E. lanceolatus, 5'-AAGCAGTGGTATCAACGCAGAG-TGGCCATTACGGCCGGG-3'; E. wawawaiensis, 5'-AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGCC-GAGGG-3') and converted to double-stranded cDNA by primer extension using these adaptors, as described in the manual. Double-stranded cDNAs from both samples were pooled in equal amounts, normalized using the TrimmerDirect kit (Evrogen, Moscow, Russia), and cloned into the pDNR-LIB vector (Clontech). All three directionally cloned libraries were transformed into electrocompetent DH10B cells (Invitrogen).
The P. spicata and Leymus libraries were sequenced with standard T7 (5' end) and M13rev(-24) (3' end) primers. The Elymus library was sequenced with a custom primer for the 5' end of the inserts (5'-CGAGCGCAGCGAGTCAGT-3') and an anchor-(T) 18 primer for the 3' end of the inserts (5'-TTTTTTTTTTTTTTTTTTV-3'). Base calling used a Phred quality score cutoff of 20 for a threshold length of at least 200 bp. Vector sequences were detected and masked using the Cross_Match program (http://bozeman.mbt.washington. edu/phrap.docs/phrap.html), and repeat and low-complexity sequences were removed using RepeatMasker (Smit et al. 1996 (Smit et al. -2004 . Bacterial, mitochondrial, ribosomal, viral, and other unwanted sequences were filtered out based on BLASTN searches. Resulting filtered, high-quality sequences were assembled into contigs using Paracel TranscriptAssembler (PTA; www.paracel.com). The average number of ESTs per contig was calculated by subtracting singletons from the total number of clean sequences in the forward and reverse directions and then dividing the resulting number of sequences by the number of contigs. Additionally, all contigs were manually inspected for false contigs using the TranscriptView program of PTA. The EST information management application (ESTIMA) database (Kumar et al. 2004 ) was used for curation and dissemination of the ESTs (http://titan.biotec.uiuc.edu/ESTIMA/). Annotation for the ESTs was obtained by BLASTX or tBLASTX queries against grass, non-redundant protein, and Arabidopsis protein databases with a cutoff expectation value (E value) of 10 -5 . The databases examined were nonredundant protein sequences, rice sequences, and Festuca sequences from the National Center for Biotechnology Information (NCBI); the Poaceae protein database of Gramene (ftp://ftp.gramene.org/pub/gramene/release26/data/protein/ sequence/poaceae_sptr.fa; February 2007); the barley, maize, wheat, and rye Gene Indices databases of The Institute for Genomic Research (http://www.tigr.org); and Arabidopsis proteins from The Arabidopsis Information Resource (TAIR; http://www.arabidopsis.org).
SSR marker development and mapping
Unigene sets of the three libraries were queried for SSRs using SSRFinder (http://www.maizemap.org/bioinformatics/ SSRFINDER/; October 2007). The SSRFinder parameters were as follows: amplicon lengths between 80 and 250 bp, primer annealing temperatures of 60 8C, and minimum repeat lengths of 12 bp and 4 repeat motifs. To identify which SSRs resided within protein-coding regions of the unigenes, the NCBI non-redundant database was downloaded locally (4 January 2008) and entries from Arabidopsis and Poaceae grasses were extracted to create a plant-specific database. BLASTX was performed with the default scoring matrix and the following parameters: filter = seg+xnu and score = 100. Then, the BLASTX output was parsed to identify proteincoding regions of the EST sequences and these were compared with positions of the SSRs. An E value less than 10 -5 was used as a cutoff for significance of the sequence alignments. Amplification success and projected polymorphism of SSR primers were tested on parental plants of existing or incipient genetic mapping populations for each of the three libraries. The P. spicata SSRs were tested on a hybrid progeny of Anatone Â T1442 and a hybrid progeny of Goldar (Gibbs et al. 1991 ) Â P22 (an experimental line). Leymus SSRs were tested on the parents of the mapping populations reported in Wu et al. (2003) . Elymus markers were tested on three E. wawawaiensis Â E. lanceolatus F 1 hybrids and an E. lanceolatus plant, used as backcross parents for a mapping population. Standard hot-start PCR amplification procedures were used, except that 1 mmol/L R110-ddCTP (PerkinElmer, Waltham, Massachusetts) was spiked into each reaction, and amplification products were resolved on an ABI 3730 DNA Analyzer (Applied Biosystems, Foster City, California) at the Utah State University Center for Integrated Biosystems (Logan, Utah).
All Leymus SSR markers homologous to rice chromosome 2 genes were genotyped in the Leymus mapping population (Wu et al. 2003 ) using JoinMap 4.0 (Van Ooijen 2004 . Polymorphic markers were initially assigned to one of 14 possible linkage groups using the ''Create Groups Using a Map Node'' and ''Assign Ungrouped Loci to SCL-Groups'' functions. A strongest cross link (SCL) threshold of 20 LOD was used to assign new markers to the linkage groups (LGs), and LGs were joined using the ''Combine Groups for Map Integration'' function. Consensus maps for LG6a and LG1b (renamed 6b herein) were calculated by regression mapping using only linkages with a recombination frequency smaller than 0.4, linkage LOD greater than 1.0, goodness-of-fit jump threshold of 5.0, ripples after each added locus, and Haldane's mapping function with a third round to force any remaining markers on the map. However, only those AFLP markers that were previously mapped in both Leymus populations, fitted in second-round regression mapping, and required to fill gaps between new ESTs and other previously mapped anchor markers were used for further analyses and presentation in this report. Leymus EST sequences putatively orthologous to rice chromosome 2 genes were aligned to the NCBI rice genome assembly at ftp.ncbi.nih.gov/genomes/Oryza_sativa/ on 7 December 2006. Rice BAC clones containing the Cent0 (RCS2) centromere-specific retrotransposon sequences from GenBank accession AF058902 (Dong et al. 1998; Cheng et al. 2002) were identified by BLAST search against the NCBI rice genome database. The resulting rice BAC clones were also aligned to the rice chromosome 2 physical map.
Results
Three normalized EST libraries were constructed from (1) bluebunch wheatgrass (P. spicata), (2) one plant each of Snake River (E. wawawaiensis) and thickspike (E. lanceolatus) wheatgrasses, and (3) an interspecific hybrid between basin wildrye (L. cinereus) and beardless wildrye (L. triticoides). Each of the tissues in each of the libraries was tagged, and each tissue was represented by several thousand ESTs, except the subterranean tiller meristems of E. wawawaiensis in the Elymus library (Table 1) . The low number of sequences for that species is likely due to a low amount of initial RNA. Sequences were obtained in both directions for 16 128 clones of the P. spicata library, 15 360 clones of the Leymus library, and 10 368 clones of the Elymus library ( Table 1) .
The ESTs were assembled into unigene sets of 8 780 unigenes for P. spicata, 11 281 unigenes for Leymus, and 7 212 unigenes for Elymus (Table 2) . Across all three libraries, over 55% of unigenes were contigs, with an average length of 1017 nucleotides per contig. Among singletons the average length was 670 nucleotides. The P. spicata and Elymus libraries had an approximate 2:1 ratio of contigs to singletons, while the Leymus ratio was closer to 1:1. As forward and reverse sequences of the same clone that did not overlap were considered separate singletons, the larger number of Leymus singletons mainly resulted from larger clone insert sizes and non-overlapping sequence reads. The redundancy of the P. spicata library was 32%, with an average of 3.9 sequences per contig. The redundancy of the Elymus library was 41% with an average of 3.2 sequences per contig, and the redundancy of the Leymus library was 39% with an average of 3.8 sequences per contig. All three library databases were curated and are searchable on the ESTIMA Web site (http://titan.biotec.uiuc.edu/triticeae/).
The three libraries were compared by BLASTX or tBLASTX searches against the NCBI non-redundant protein database, the rice database of the NCBI, The Arabidopsis Information Resource database, the Poaceae database of Gramene, and several other grass sequence databases ( Table 2 ). Comparisons of the P. spicata library with cereal crop sequences yielded homology hits to annual Triticeae sequences for 81%-93% of the unigenes, with the exception of rye at 42%. The low number of hits with rye was probably due to the low number of ESTs for rye relative to the other grass libraries. Comparisons with Arabidopsis, the NCBI non-redundant database, and Festuca yielded hits for more than 66% of the unigenes. The Elymus and Leymus libraries exhibited similar results, although with slightly fewer hits ( Table 2 ). The number of unigenes with no match to any of the databases tested was 331 for P. spicata, 324 for Elymus, and 592 for Leymus (Table 2) .
Expressed sequence tags from each library were again compared with rice genomic sequences, but using a BLASTN search with an E value cutoff of 10 -5 . The resulting hits were aligned with the physical map of rice provided by NCBI (ftp.ncbi.nih.gov/genomes/Oryza_sativa/; February 2007). The numbers of ESTs with associated rice genes and map positions are listed by rice chromosome in Table 3 , and correspond with 93% to 98% of the ESTs with BLASTX hits to rice in Table 2 . The number of hits decreased gener-ally in proportion to the rice chromosome size, with rice chromosomes 1 and 3 containing the largest numbers of hits (Table 3) .
Among the three libraries, SSRs were detected with the minimum SSR length set to 12 bp and the minimum number of repeats set at four. Approximately 16% of the P. spicata and Leymus unigenes contained SSRs. The Elymus library, however, contained SSRs in only 6% of its unigenes. Over 75% of the SSRs in each library were trinucleotide repeats (Fig. 1) . Unigenes with SSRs were compared with the NCBI non-redundant database to determine the location of the repeat, and 482 (35%) P. spicata SSRs, 123 (28%) Elymus SSRs, and 713 (40%) Leymus SSRs resided in coding regions. The remaining SSRs were located in coding regions of genes with no annotation, in regions of ambiguity with regards to coding, or in 3' untranslated regions. Over 95% of SSRs that were in coding regions were trinucleotide repeats.
For each EST library, SSR amplifications and polymorphisms were tested on parents of existing or potential genetic mapping populations. Of the 1375 P. spicata SSRs, 1083 (79%) amplified in two diverse plants and 451 (33%) were polymorphic. Of the 442 Elymus SSRs, 331 (75%) amplified and 133 (30%) were polymorphic. Among the 1798 Leymus SSRs, 1620 (90%) amplified and 777 (43%) were polymorphic. The majority of SSR-containing sequences also had predicted map positions based on homology with rice sequences; for P. spicata there were 958 (70% of SSRs), for Elymus 263 (60% of SSRs), and for Leymus 1576 (88% of SSRs). The distribution of SSRs among the rice chromosomes (data not shown) reflected the distribution of ESTs in Table 3 .
To test the accuracy of the comparative genetic map locations, we selected all Leymus SSR markers with homology hits to rice chromosome 2 genes that are predicted to reside on LG6 of Triticeae (La Rota and Sorrells 2004) . We selected LG6 markers for two reasons: (1) LG6 of Triticeae is homologous from end to end with rice chromosome 2 (La Rota and Sorrells 2004) , and (2) LG1 and LG6 of the Leymus genetic map were given tenuous assignments owing to a paucity of anchor markers. Twenty-seven markers were polymorphic in a Leymus mapping population (Wu et al. 2003) and 24 mapped to chromosome 6a or 1b (renamed 6b) in Leymus (Table 4 ; Fig. 2 ), indicating that the LG1b reported in Wu et al. (2003) is rather LG6b. One marker mapped to both LG6b and LG2a, while the remaining 3 
markers mapped to Leymus
LGs 2b, 7a, and 7b (Table 4) . The LG6 markers were generally colinear with putative rice orthologs, with a few instances of apparent genome rearrangements (Fig. 2) . The SSR primer sequences, associated unigene IDs, accession numbers for original sequences, repeat types, repeat lengths, amplification success, and predicted rice physical map positions are freely available on the ESTIMA database (http://titan.biotec.uiuc.edu/triticeae/) or can be obtained upon request from the corresponding author.
Discussion
This study substantially increases the amount of sequence information available in the perennial Triticeae, allowing for more extensive use of genomic methods within Triticeae and closely related grasses. The plant species used to develop these resources contain the St, H, and Ns genomes, which are the most widespread and abundant perennial Triticeae genomes (Dewey 1971 (Dewey , 1984 Love 1984; Barkworth 2007) . The main venue for these EST resources will likely be within the perennial Triticeae for mapping and genetic diversity studies, and these resources allow for more robust DNA markers and sequences to be used within the tribe. Of the SSR markers detected in the respective species used to develop the EST libraries, between 78% and 90% amplified in parents of existing or potential mapping populations, and between 30% and 43% of were polymorphic among the plants tested. These levels of amplification and polymorphism are consistent with rates observed in other species (Varshney et al. 2005) . The higher level of amplification success in the Leymus library probably occurred because the plants used for the library were the same as the mapping population parents. The higher level of polymorphism in Leymus may result from interspecific hybridization of the divergent species used in the mapping population.
The majority of these ESTs also have putative orthologs in annual Triticeae, other Poaceae grasses, rice, and Arabidopsis ( Table 2 ), indicating that robust comparative maps and candidate gene discovery can occur therein as well. From the ESTs, SSR markers were developed and also aligned with rice physical map positions. Additionally, because 3' untranslated regions were sequenced from the EST database, we anticipate that further markers in genes that contained no SSRs can be constructed and will likely have an increased level of polymorphism. Reports of the number of genes present in rice have ranged from 31 439 (Tanaka et al. 2008 ) to 49 472 (Ouyang et al. 2007 ). Thus, the approximate 85% of perennial Triticeae ESTs with hits to rice genes (Table 2) would represent 25% to 16% of rice genes. Despite the low coverage, several hundred perennial Triticeae ESTs are putatively orthologous to rice genes for every rice chromosome (Table 3) .
Currently, rice remains the only sequenced grass genome (Dickson and Cyranoski 2001; Goff et al. 2002; Yu et al. 2002) . Nevertheless, its colinearity with other cereal grasses (Gale and Devos 1998) Kuraparthy et al. 2008 ) and has been helpful for inferring evolutionary relationships of grass genomes (Salse et al. 2008) . In this study we show that the majority of perennial Triticeae ESTs have predicted map positions based on orthology to rice across a broad distribution of genes on all of the rice chromosomes (Table 3) . Twenty-four (of 27) Leymus SSR markers whose ESTs were similar and putatively orthologous to rice chromosome 2 genes mapped on Leymus LG 6a or 1b. Rice chromosome 2 and Triticeae LG6 are syntenic and colinear (La Rota and Sorrells 2004; Salse et al. 2008) , and thus our mapped Leymus LG6 SSRs were predictably colinear to wheat. The 14 Leymus LGs were previously and tentatively identified using 50 heterologous anchor markers (Wu et al. 2003) . However, LG1b and LG6b were not positively identified. Based on the results of this study, the original LG1b is renamed LG6b (Fig. 2) .
Of the three SSRs that were predicted to map to LG6 but did not, the marker located on Leymus LG2 could have resulted from paralogous sequences or rearrangements of genes outside of its expected homeologous locations. Indeed, previous comparative mapping between wheat and rice found wheat LG2 markers that mapped onto rice chromosome 2 (La Rota and Sorrells 2004) . Two other Leymus markers mapped to Leymus LG7. Recently, duplicated regions between wheat chromosomes 6 and 7 were defined (Salse et al. 2008) , and as Leymus and wheat likely share similar base chromosome numbers and synteny, the two markers mapping to LG7 of Leymus may be part of a duplicated region similar to that found in wheat. Thus we confirm the colinearity of the Leymus markers with wheat and rice, and suggest that functional and comparative genomics tools in those model grasses will translate to the perennial Triticeae.
SSR mutations result from replication slippage, and as trinucleotide indels would not result in frame-shift mutations their presence in coding regions would not be subjected to purifying selection to the same extent as other types of SSRs (Metzgar et al. 2000) . Accordingly, the abundance of trinucleotide SSRs was shown to be equivalent in both coding and non-coding regions, while non-trinucleotide SSRs occurred less frequently in coding regions relative to noncoding regions (Metzgar et al. 2000) . Our results showed a consistent trend in that trinucleotide repeats comprised over 95% of the SSRs confirmed to exist in coding regions and were still the majority of SSRs that were not confirmed to lie in coding regions. Our results also agree with the paucity of non-trinucleotide SSRs in the EST libraries shown in other studies (La Rota et al. 2005; Varshney et al. 2005) .
Unlike previous SSR reports for rice (Temnykh et al. 2000) and barley (Thiel et al. 2003) , the perennial Triticeae trinucleotide SSRs had no specific repeat type that accounted for more than 10% of the total trinucleotide repeats. In the P. spicata and Leymus libraries, trinucleotide repeats containing C and G were more abundant than those containing AT, similar to tall fescue ESTs (Saha et al. 2004) , whereas the Elymus library showed a more even distribution of all repeat types. Sharopova et al. (2002) polymorphism rate of SSRs was correlated to the total length of the repeat motif, with trinucleotide repeats being the least polymorphic. The majority of SSRs generated for the three Triticeae libraries would therefore be predicted to show relatively low polymorphism, yet between 30% and 43% were polymorphic among the plants we tested. This is possibly a result of the obligate outcrossing of these grasses. Additionally, the SSR abundance in coding regions may result in greater conservation and thus translation across similar species. LG6 in the allotetraploid full-sib Leymus population, aligned to rice chromosome 2. Leymus SSR markers begin with ''Ltc'', while remaining AFLP and anchor markers were previously reported in Wu et al. (2003) . Genetic map distances for Leymus are in centimorgans (cM), while physical map positions for rice are reported as megabases (Mb). Cent0 corresponds to a rice centromere sequence (AF058902). *Chromosome 6b was initially misidentified as 1b in Wu et al. (2003) .
Using appropriate DNA markers for population genetic and evolutionary studies among perennial grasses can be challenging as a result of polyploidy, obligate outcrossing, and reticulate evolutionary relationships. Markers such as AFLP and RAPD suffer from the restrictions of dominant band patterns or closed-platform systems (Nybom 2004) . The SSRs derived from genomic libraries can have low transferability (Varshney et al. 2005) . Although EST-derived SSRs and other sequence tagged site markers have higher transferability than genomic-library SSRs (Varshney et al. 2005) , the use of markers from closely related species is still essential for accurate estimates of some population genetic parameters. As the relatedness of species diverges, the transferability of markers decreases and the likelihood of null alleles, homoplasy, or varying band sizes due to mutational events increases (Thiel et al. 2003; Nybom 2004; Saha et al. 2004; Zhang et al. 2005 Zhang et al. , 2006 . The diversity and structure of perennial Triticeae species have been assessed using heterologous SSR markers from wheat and barley (MacRitchie and Sun 2004; Fu and Thompson 2006) , with reports of 12 and 4 polymorphic loci, respectively. The SSR and other EST-derived markers developed in this study can substantially expand the numbers of markers available and allow more robust tests of genetic diversity and comparative mapping.
